Abstract. Glycyl-tRNA synthetase from Escherichia coli is a tetramer containing two small (33,000 daltons) and two large (80,000 daltons) subunits. The subunits can be separated and then reassembled to form active enzyme. Genetically altered glycyl-tRNA synthetases are modified in either the large or the small subunit. Wild type activity can be reconstituted in vitro by mixing extracts containing enzymes with modifications in different subunits.
I32P]pyrophosphate (105-106 cpm/Amol), 4 mM glutathione, and 200 jlg/ml bovine plasma albumin. (c) Cell extracts (15-25 mg/ml protein in 0.1 M potassium phosphate buffer, pH 7.0-10 mM mercaptoethanol) were prepared by sonication.9 (d) Polyacrylamide gel electrophoresis was performed as described by Davis,12 using a Tris-tricinate buffer (pH 8.1). The upper buffer contained 3.62 g Tris and 6.02 g tricine/liter; the lower buffer was 0. 10 buffer (4.62 g Tris, 33.6 ml 1.0 N HC1, and 0.1 ml TEMED/100 ml), 1 vol of acrylamide solution (30% acrylamide and 0.8% N,N'-methylenebisacrylamide) and 2 vol of 0.1% ammonium persulfate. The marker dye moves 60 mm in about 90 min at a constant current of 3 mA per tube. For electrophoresis in the presence of SDS13 a running buffer consisting of 72 ml 1.0 M NaH2PO4, 28 ml 1.0 M Na2HPO4, and 1 g SDS/liter was used and the 5% acrylamide gels were formed using an acrylamide solution containing 11.1 g acrylamide and 0.15 g methylenebisacrylamide/100 ml.
Results. Purification and stability of the enzyme: Glycyl-tRNA synthetase was purified (as will be described elsewhere) by ammonium sulfate fractionation, DEAE-cellulose column chromatography, Sephadex G-200 gel filtration, hydroxylapatite chromatography, and preparative polyacrylamide gel electrophoresis. The specific activity of the purified enzyme ranged from 30,000 to 45,000 units/mg protein compared to 100 units/mg in the crude extract. The variation in final specific activity is probably due to inactivation of the enzyme during storage, but this can be reduced by the presence of 10-30% glycerol in all buffers used throughout purification. Without this precaution, the activity decays with a half-life of a few days (although this varies with protein concentration). When stored at -15'C in 40% glycerol at a protein concentration of 1 mg/ml, the enzyme retains about 50% of its activity after 3 months.
Estimation of purity: Meniscus-depletion sedimentation equilibrium analysis'4 of the purified protein yields a straight line for the plot of log F (fringe displacement) versus R2, indicating no appreciable size heterogeneity. Polyacrylamide gel electrophoresis, with gels of three different porosities,", shows three bands (Fig. la, b , and c), one of which comprises about 95% of the total protein and which, after elution of the protein from the gel, contains all of the enzymatic activity. The minor bands are probably not contaminating proteins because they can be generated from the major band by treatment of the enzyme with urea (Fig. ld) .
Molecular weight determination: The molecular weight of the synthetase was measured by three different methods: (a) meniscus-depletion sedimentation equilibrium yields a value of 227,000 based on a partial specific volume of 0.740 (estimated from amino acid composition); (b) velocity sedimentation in a glycerol density gradient'6 (with isoleucyl-tRNA synthetasel as a marker) gave a sedimentation coefficient of 8.4 S and a molecular weight of about 220,000; (c) measurement of the relative electrophoretic mobility at different polyacrylamide gel porosities, using proteins of known molecular weight as standards,'5'7 yields a value of 240,000.
Subunit structure: Polyacrylamide gel electrophoresis of enzyme preparations that have lost activity as a result of dilution or storage reveals an enrichment of the two minor bands shown in Fig. 1 ; treatment of the enzyme with urea (5 M), guanidinium chloride (3 M) or low pH (<5.5) also causes this apparent disaggregation.
These subjective indications of a subunit structure were confirmed when the purified enzyme was analyzed by polyacrylamide gel electrophoresis in the presence of SDS. Fig. 2a this finding suggests that the $ and a chains are present in about equimolar amounts. Given a molecular weight of about 230,000 for the native enzyme, the subunit structure a2132 is indicated. (The data from SDS gels indicates a molecular weight for a22 of 226,000.) Separation of subunits and reconstitution of enzyme: Treatment of the enzyme with pHMB causes a loss of both the ATP-PP1 exchange and glycyl-tRNA synthetic activities of the enzyme; concomitantly, two new bands are detectable by gel electrophoresis (in the absence of SDS) (Fig. 4) . When these bands are eluted from gels, concentrated, and analyzed by electrophoresis in the presence of 0.1% SDS, the faster moving band is found to contain only the a chain (Fig. 5a ), while the slower band contains only ,3 (Fig. 5b ). Fig. 4 . Several unstained gels were cut into 5-mm pieces; those pieces corresponding to the two protein bands were pooled separately and homogenized in buffer (20 mM sodium phosphate, pH 7.0-10 mM mercaptoethanol). After 24hr at 40C,the eluates were either used directly (for assay) or concentrated by vacuum dialysis (for electrophoresis).
If the inactive enzyme produced by treatment with pH1B is incubated at 370C with glutathione, ATP, and Mg2+, its enzymic activity is restored (Fig. 6) Minutes preincuboted at 37-C analytical results, indicates that pHMB causes dissociation of the enzyme and that removal of the mercurial allows the subunits to reform active enzyme. When purified preparations of a and /3 subunits (isolated by electrophoresis of pHMB-treated enzyme) were separately incubated under reconstitution conditions, no synthetase activity was detected with a, but about 1%0 of the expected activity for glycyl-tRNA synthesis and about 5% for ATP-PP1 exchange was found with /3. Whether this low activity is intrinsic to the /3 subunit or due to a small amount of contaminating a subunit is still being investigated. However, when a and /3 were incubated together (Fig. 7) , approximately 50-60% of the maximum theoretical charging activity was restored after about 30 min; a similar regeneration of ATP-PPi exchange activity occurred as well.
Analysis of mutationally-altered enzymes: The structural gene for the synthetase (glyS) exists in two allelic forms in E. coli; 18"9 glySH strains have high activity in extracts while 9lYSL strains have low activity (about 15% of the activity of glYSH). This difference in activity is probably due to a structural difference in the enzyme rather than to different amounts of the same enzyme, because the enzyme from 9lYSL strains has a Km for glycine 10-fold higher than that from glySH and also is more sensitive to high and low temperatures.94l'
In addition to these naturally-occurring variants, Folk and Berg9s10 have found among E. coli glycine auxotrophs a class of mutants which have enzymes with reduced affinity for glycine and lower catalytic activities (Table 1) . Although these genetically altered enzymes are not yet available in pure form for analysis of their defects, we can ask which of the subunits of the enzyme is altered by the various mutations. To do this we have devised an in vitro complementation assay using purified a and 8 subunits obtained by electrophoretic separation of pHMB-treated wild type protein. Crude extracts from mutant cells were treated with pHMB, then incubated at 370C (in the presence of glutathione, ATP, and Mg2+) either alone or with purified a or j5 subunit. Aliquots were then assayed for synthetase activity. Our expectation was that the activity of an enzyme with an altered a subunit should be enhanced by the addition of normal a, and a mutant with defective fi subunits should be complemented by adding normal fi. To minimize the background of activity from uncomplemented mutant enzymes, the assay was done at low glycine concentrations.
(The mutant enzymes all have a Km for glycine near 1 mM, while the complemented enzyme activity should have a K. nearer to 0.08 mM, the value for the wild type enzyme.) Table 2 shows the results of such complementation experiments using extracts of W3110, BF87, and BF17. Quite clearly, the activities of the first two strains are enhanced by added a subunit but not by jS; similarly, the third strain is stimulated by added , f subunit and not by a. BF134, a temperature-sensitive mutant with an altered synthetase,10 also contains a defective s subunit. (Although high activity of the BF51 mutant enzyme reduces the sensitivity of the test, preliminary data suggest that it is altered in the a subunit.) Thus, some * Sonic extracts were diluted 3-fold with pHMB (10 mM in 0.1 M tris*HCl buffer, pH 9.8). Aliquots (10 pl) were combined with excess a or 8 protein and incubated for 30 min at 370C (in a total volume of 0.1 ml, as described in Fig. 7) . The assays were then performed by adding the appropriate componentsin 0.4 ml. The glycine concentration in the assay mixture was 1 mM for BF134 and 0.2 mM for the others. (W3110 or BF87) ; but there should be no complementation of extracts from mutants affected in same subunit. Accordingly, the mutant extracts were treated with pHMB, mixed in various combinations, and incubated at 370C with glutathione, ATP, and Mg2+. Aliquots were then assayed for synthetase activity at low glycine concentrations. Table 3 shows that no complementation occurs between the a mutants or be- Table 2 ) and 10-jul aliquots were mixed in the various combinations. Each mixture was incubated at 370C for 45 min in a total volume of 0.1 ml (see Fig. 7) . The assays were then performed at 0.2 mM glycine. A wild type extract gives a value of 28 units/mg when treated in this manner.
tween the /3 mutants, but there is a 15-to 100-fold increase in specific activity when a pHMB-treated extract of an a mutant is mixed with that of a /3 mutant. Properties of the complemented enzymes: The enzyme activities found in such complemented extracts have been compared to the wild type activity, and to the corresponding mutant enzyme activities, in two respects-thermal stability and Km for glycine. In both cases, the enzyme activities generated by complementation resemble wild type enzyme and not the constituent mutant enzymes. For example, enzymes from both BF134 (I mutant) and W3110 (a mutant) are rapidly inactivated at 450C (half-lives of 3 and 5 min, respectively), while the complemented enzyme activity (half-life about 70 min) is almost as stable as the wild type (half-life about 90 min). Comparing the Km values for glycine yields a similar result. Plots of [Gly]/V versus [Gly] give Km values of 2 mM for enzyme from BF17 and 1.3 mM for that from BF87. The plot for the complemented enzyme activity is slightly nonlinear (probably because of two classes of enzyme remaining after reassociation); but the Ki, as estimated by extrapolating the line obtained at low glycine concentrations, is about 0.1 mMii, a value comparable to the Km for the wild type (0.08 mM).
Discussion. Our experiments indicate that glycyl-tRNA synthetase from E. coli is a tetramer, containing dissimilar subunits and having the compositional formula, a2Z82. Among mutants with altered glycyi-tRNA synthetases, some have defective a subunits while others are defective in the /3 subunit. Since both classes of mutants map at essentially the same site, the cistrons coding for the two polypeptide chains are probably contiguous. At this point it is premature to speculate too freely on the functional significance of the oligomeric structure, and more particularly on the existence of dissimilar subunits in the protein. It seems unlikely that both features are a consequence of the bifunc-
